Misfit strain-temperature phase diagrams of three compositions of (001) pseudocubic (1 À x)ÁPb (Mg l/3 Nb 2/3 )O 3 À xÁPbTiO 3 (PMN-PT) thin films are computed using a phenomenological model. Two (x ¼ 0.30, 0.42) are located near the morphotropic phase boundary (MPB) of bulk PMN-PT at room temperature (RT) and one (x ¼ 0.70) is located far from the MPB. The results show that it is possible to stabilize an adaptive monoclinic phase over a wide range of misfit strains. At RT, the stability region of this phase is much larger for PMN-PT compared to barium strontium titanate and lead zirconate titanate films. and acoustic resonators in radio frequency (RF) telecommunication systems 3 has been a driving force for extensive research to discover, understand, and implement piezoelectric material systems in such devices. Piezoelectric response is largest in ferroelectric (FE) materials. 4 The most prominent example is lead zirconate titanate (PbZr x Ti 1 À x O 3 , PZT) which has been the material of choice in many applications. Lead-free FE oxides, such as BaTiO 3 5 and BiFeO 3 , 6,7 also display a large piezoelectric response ($200 and $50 pm/V, respectively), although their magnitude of the piezoelectric coefficient is smaller than PZT ($500 pm/V). Lead magnesium niobate-lead titanate [(1 À x)ÁPb(Mg l/3 Nb 2/3 )O 3 ÀxÁPbTiO 3 (PMN-PT)] is one of the most important binary lead-based relaxor ferroelectric systems which, in single crystal form, shows superior performance in sensor/actuator applications. Theoretical calculations based on the phenomenological theory show that it is possible to stabilize different phases in epitaxial ferroelectric films that are not accessible in bulk form. 10 The stabilization of these phases arises due to equibiaxial in-plane misfit strains. The initial work of Pertsev et al. and follow-on studies have generated the misfit strain (u m )-temperature (T) phase diagrams for epitaxial thin films of PbTiO 3 , PZT, BaTiO 3 , SrTiO 3 , and Ba 1Àx Sr x TiO 3 (BST), and the dielectric, pyroelectric/electrocaloric, and piezoelectric properties as a function of the misfit strain and temperature have been computed. [11] [12] [13] [14] [15] [16] [17] Although monocrystalline PMN-PT compositions located near the morphotropic phase boundary (MPB) exhibit outstanding piezoelectric properties (d 33 > 1500 pC/m and electromechanical coupling factors k 33 > 0.92), 18 the lack of a Landau-Devonshire free energy function hindered the development of u m -T diagrams for PMN-PT materials. Such diagrams would particularly be important in the development of new generation of electrically switchable and tunable surface and bulk acoustic wave (SAW and BAW, respectively) resonators for a variety of applications, including remote controls, microprocessor clocks, mobile phones, and industrial controllers. Recently, Heitmann and Rossetti have developed energy functions for relaxor-based solid solutions, including PMN-PT, using a combined phenomenological and topological analysis approach. 19 Here, we use the published energy function for PMN-PT to study the phase stability in monodomain epitaxial (001) thin films as a function of the in-plane misfit strain and temperature for two compositions near the morphotropic phase boundary and one composition far from it. From the view point of enhancing the properties of PMN-PT through the stabilization of phases that are not accessible in bulk materials, the results of this study suggest that strain engineering of PMN-PT can yield a monoclinic phase at low misfit strains. Furthermore, the stabilization of this phase at room temperature (RT ¼ 25 C) is attributed to a dramatic reduction of the crystallographic anisotropy of polarization, a condition which is associated with pronounced extrema in dielectric and piezoelectric properties. 19 We consider a (001) monodomain PMN-PT film on a thick (001) cubic substrate. Taking into account the equibiaxial in-plane polarization-free misfit strain u m ¼ ða S À a F Þ=a S , where a S and a F are the lattice parameters of the substrate and the pseudo-cubic film, respectively, the excess free energy density of the film can be expressed as 10, 20 
Piezoelectric ceramics have been widely used in the conversion of electrical energy to mechanical energy and vice versa. The potential of these materials for deployment in applications such as transducers, 1 sensors, and actuators, 2 and acoustic resonators in radio frequency (RF) telecommunication systems 3 has been a driving force for extensive research to discover, understand, and implement piezoelectric material systems in such devices. Piezoelectric response is largest in ferroelectric (FE) materials. 4 The most prominent example is lead zirconate titanate (PbZr x Ti 1 À x O 3 , PZT) which has been the material of choice in many applications. Lead-free FE oxides, such as BaTiO 3 5 and BiFeO 3 , 6,7 also display a large piezoelectric response ($200 and $50 pm/V, respectively), although their magnitude of the piezoelectric coefficient is smaller than PZT ($500 pm/V). Lead magnesium niobate-lead titanate [(1 À x)ÁPb(Mg l/3 Nb 2/3 )O 3 ÀxÁPbTiO 3 (PMN-PT)] is one of the most important binary lead-based relaxor ferroelectric systems which, in single crystal form, shows superior performance in sensor/actuator applications. 8 Depending on the PT concentration, compositions in the PMN-PT solid solution possess weak remnant polarization and show frequency dispersive dielectric response. 9 Theoretical calculations based on the phenomenological theory show that it is possible to stabilize different phases in epitaxial ferroelectric films that are not accessible in bulk form. 10 The stabilization of these phases arises due to equibiaxial in-plane misfit strains. The initial work of Pertsev et al. and follow-on studies have generated the misfit strain (u m )-temperature (T) phase diagrams for epitaxial thin films of PbTiO 3 , PZT, BaTiO 3 , SrTiO 3 , and Ba 1Àx Sr x TiO 3 (BST), and the dielectric, pyroelectric/electrocaloric, and piezoelectric properties as a function of the misfit strain and temperature have been computed. [11] [12] [13] [14] [15] [16] [17] Although monocrystalline PMN-PT compositions located near the morphotropic phase boundary (MPB) exhibit outstanding piezoelectric properties (d 33 > 1500 pC/m and electromechanical coupling factors k 33 > 0.92), 18 the lack of a Landau-Devonshire free energy function hindered the development of u m -T diagrams for PMN-PT materials. Such diagrams would particularly be important in the development of new generation of electrically switchable and tunable surface and bulk acoustic wave (SAW and BAW, respectively) resonators for a variety of applications, including remote controls, microprocessor clocks, mobile phones, and industrial controllers. Recently, Heitmann and Rossetti have developed energy functions for relaxor-based solid solutions, including PMN-PT, using a combined phenomenological and topological analysis approach. 19 Here, we use the published energy function for PMN-PT to study the phase stability in monodomain epitaxial (001) thin films as a function of the in-plane misfit strain and temperature for two compositions near the morphotropic phase boundary and one composition far from it. From the view point of enhancing the properties of PMN-PT through the stabilization of phases that are not accessible in bulk materials, the results of this study suggest that strain engineering of PMN-PT can yield a monoclinic phase at low misfit strains. Furthermore, the stabilization of this phase at room temperature (RT ¼ 25 C) is attributed to a dramatic reduction of the crystallographic anisotropy of polarization, a condition which is associated with pronounced extrema in dielectric and piezoelectric properties. 19 We consider a (001) monodomain PMN-PT film on a thick (001) cubic substrate. Taking into account the equibiaxial in-plane polarization-free misfit strain u m ¼ ða S À a F Þ=a S , where a S and a F are the lattice parameters of the substrate and the pseudo-cubic film, respectively, the excess free energy density of the film can be expressed as 10, 20 DG ¼ a
in which renormalized dielectric stiffness coefficients are defined as a)
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where P i (i ¼ 1,2,3) are the components of the polarization vector, a 1 ¼ (T 2 T C )/2e 0 C, T C and C are the Curie temperature and Curie-Weiss constant of the bulk ferroelectric, e 0 is the permittivity of free space, a ij and a ijk are higher order dielectric stiffness coefficients, Q ij are the electrostrictive coefficients in polarization notation, and S ij are the elastic compliances of the film in Voigt notation. u m À T phase diagrams are computed by evaluating the equations of state @DG=@P i ¼ 0. All of the property coefficients present in Eqs. (1) and (2) are given in Table I . 19, 21, 22 The excess free energy DG can also be explicitly separated into two parts: an isotropic part that depends only on the modulus of the polarization vector and an anisotropic part that depends also on its direction. The stability of the different symmetry ferroelectric phases subject to changes in external variables is determined by the anisotropic part of the excess free energy. 19, 23 Using Eq. (1), the isotropic and anisotropic parts of the free energy can be written as shown in Eqs. (3) and (4), respectively,
The isotropic part of the free energy [Eq. (3)] formally describes a polarized state in which there is no preferential polarization orientation. The anisotropic part of the free energy [Eq. (4)], on the other hand, describes the crystallographic anisotropy of polarization and determines the minima in the free energy with respect to the polarization direction, i.e., the stability of the different symmetry ferroelectric phases. For the cubic Pm 3m prototype symmetry of PMN-PT, four phases can be induced by in-plane equi-biaxial misfit strain: a tetragonal paraelectric (PE) phase (P4/mmm) with
with P 1 ¼ P 2 6 ¼ 0 and P 3 ¼ 0, and a monoclinic FE m-phase (Cm) with P 1 ¼ P 2 6 ¼ 0 and P 3 6 ¼ 0. The stability regions of these four phases are illustrated in Fig. 1 for three compositions of (1 À x)PMN À xPT (x ¼ 0.30, 0.42, and 0.70) at temperatures À 200 < T < 400 C and misfit strains À1 < u m < 1%. We have chosen these three compositions specifically to investigate the behavior of the system both in the vicinity of the MPB and far from it. Fig. 1(a) depicts the corresponding bulk composition-temperature (x À T) phase diagram from which three different compositions are chosen. For the bulk material, the MPB is in the range of 0.30 < x < 0.37 with x MPB ¼ 0.33 at RT. Also shown in Fig. 1 is the variation of the modulus of polarization (
where P s,1 and P s,3 are the in-plane and out-of-plane polarization components, respectively) in each phase region. Regardless of the composition, the phase diagrams show that there are two different sequences of phase transformations that occur with increasing u m (progressing from in-plane compressive to in-plane tensile) depending on the temperature. At higher temperatures, the c-phase transforms to the PE phase, but with increasing u m , the aa-phase becomes more stable. At lower temperatures, the sequence of transitions c-m-aa becomes favorable (at T ¼ 134, 194, and 326 C for x ¼ 0.30, 0.42, and 0.70, respectively). In this transition sequence, the c-phase transforms to the m-phase at a critical misfit strain u Ã m . At RT, the critical misfit strains are u Ã m ¼ À0.47%, À0.43%, and À0.38% for PMNÀ0.30PT, PMN-0.42PT, and PMN-0.70PT, respectively. With a further increase in the in-plane tensile strain at RT, the aa-phase becomes more stable. It should be noted that T C increases significantly with increasing x so that for PMN-0.70PT it becomes as high as 326 C. Such variations in T C and the stabilization of metastable phases have been confirmed experimentally in similar epitaxial systems. 24 In order to provide a better illustration of the polarization trajectory on passing through the sequence of c-m-aa transitions, we compute representative free energy surfaces of a selected composition (PMN-0.70PT) as a function of the misfit strain at RT (Fig. 2) . Also shown in Fig. 2 examining the free energy profile where the minima are located at h ¼ 0, p. On the other hand, for larger misfit strains, the free energy curves show that the deepest minima occur for the polarization directed parallel to [110] . In the mphase region, there is a gradual transition from the c-phase to the aa-phase, which is also evident from the free energy surfaces. It should be noted that, particularly at u m ¼ 0.35% in the m-phase region, a phase with true rhombohedral symmetry (R3m) becomes stable (with P 1 ¼ P 2 ¼ P 3 ), whereas for other misfit strains in that region a monoclinic symmetry is favorable. The positive sign of the coefficients a Fig. 3(a) , where we plot polarization versus misfit strain at RT, there are no "jumps" in P 3 and P 1 at the critical misfit strains of u m ¼ À0.38% and 0.66%, corresponding to the cÀm and m-aa phase boundaries. P 3 vanishes at the m-aa boundary, whereas P 1 evolves at the c-m boundary and continues to increase after the m-aa transition. Fig. 4(a) plots pseudo-color contours of the anisotropic part of the free energy superimposed on the compositiontemperature phase diagram of PMN-PT. The variation of the anisotropic energy in the rhombohedral (R-phase) region is much less than that of the tetragonal (T-phase) region. The anisotropy energy goes to zero in the vicinity of the MPB and on approaching the line of Curie-temperatures, generating a tilted Y-shaped area of vanishing anisotropy energy. The region where the anisotropy energy is low broadens substantially at higher temperatures and extends along the Curie line. This area of low anisotropy energy has been shown to be associated with the divergence of dielectric and piezoelectric properties. (Fig. 4(b) ) are much more inclined in comparison with the other two compositions. The region of low anisotropic energy is also wider compared to PMN-0.42PT and PMN-0.70PT. It can also be seen that the anisotropy energy is of an order of magnitude smaller than that of PMN-0.42PT and PMN-0.70PT. It is known that the structural and electromechanical properties of morphotropic ferroelectric solid solutions are highly correlated with the anisotropy energy. As the anisotropy energy goes to zero, the domain wall energy also goes to zero, 25 and the transverse dielectric susceptibility goes to infinity. 19, 25, 26 The width of the stability region of the m-phase in the u m -T phase diagram is dependent both on the temperature and the composition. The m-phase region becomes narrower with increasing distance from MPB and closer to PT end of the composition-temperature phase diagram. At RT, the width of the m-phase regions is almost equal for all the selected compositions with a slight shift towards tensile misfit strain for PMN-0.70PT. This shift can be explained by higher stability of the T-phase with increasing x. The misfit strain required to stabilize the m-phase at RT for PMN-PT is in the range of À0.43% < u m < 0.65% depending on the composition. The range of u m over which the m-phase can be stabilized in (001) BST and PZT systems is substantially smaller (À0.13% < u m < 0.14% and À0.015% < u m < 0.007%, respectively 14, 27 ) compared to PMN-PT. This is reflective of the weaker crystallographic anisotropy of polarization in relaxor-based solid solutions as compared with conventional ferroelectrics. The co-occurrence of a stable adaptive monoclinic phase with a sharply reduced anisotropy energy for compositions both close to and distant from the (bulk) MPB suggests that the dielectric and piezoelectric properties of relaxor-based solid solutions may be strongly enhanced by strain engineering.
It should be noted, however, that access to the monoclinic m-phase and the orthorhombic aa-phase in epitaxial PMN-PT films could be limited due to strain relaxation. The elastic interaction between film and substrate is a function of several parameters such as the film thickness and deposition/ processing/annealing temperatures. In sufficiently thick films, the in-plane misfit strain can completely be relaxed due to the formation of an orthogonal array of misfit dislocations. The critical thickness for the generation of interfacial dislocations is lower for higher pseudomorphic misfit strains. 28 Furthermore, the self-strain of the PE-FE phase transformation can be reduced with the formation of polydomain structures consisting of orientational variants of the lower symmetry FE phases. [29] [30] [31] [32] 
